[1] The sea ice cover of the Chukchi and Beaufort Seas is currently undergoing a fundamental shift from multiyear ice to first-year ice. Field observations of sea ice physical and optical properties were collected in this region during June-July 2010, revealing unexpectedly complex spatial distributions of solar radiation under the melt-season ice cover. Based on our optical measurements of first-year ice, we found the under-ice light field in the upper ocean to be spatially heterogeneous and dependent on wavelength, ice thickness, and the areal and geometric distribution of melt ponded and bare ice surfaces. Much of the observed complexity in radiation fields arose because the transmission of light through ponded ice was generally an order of magnitude greater than through bare, unponded ice. Furthermore, while many sites exhibited a consistent, exponential decay in light transmission through both ponded and bare ice surfaces, light transmission under bare ice was also observed to increase with depth (reaching maximum values ∼5-10 m below the bottom of the ice). A simple geometric model shows these transmission peaks are a result of scattering in the ice and the interspersion of bare and ponded sea ice surfaces. These new observations of complex radiation fields beneath melt-season first-year sea ice have significant implications for biological production, biogeochemical processes, and the heat balance of sea ice and under-ice ocean waters and should be carefully considered when modeling these sea icerelated phenomena. Citation: Frey, K. E., D. K. Perovich, and B. Light (2011), The spatial distribution of solar radiation under a melting Arctic sea ice cover, Geophys.
Introduction
[2] Some of the greatest changes to the Arctic sea ice cover are occurring in the Chukchi and Beaufort Seas. There has been a decrease in summer ice extent Stroeve et al., 2007; Comiso et al., 2008] and thickness [Kwok and Rothrock, 2009] , a change in the seasonality of melt and freeze-up [Markus et al., 2009] , and a shift from abundant perennial ice to predominantly seasonal ice [Maslanik et al., 2007] . Several potential factors are contributing to this decline, including higher air temperatures [Overland et al., 2008] , changes in circulation patterns Rampal et al., 2009] , advection of ocean heat from lower latitudes [Woodgate et al., 2006] , changes in cloud conditions [Francis et al., 2005; Schweiger et al., 2008; Kay et al., 2008] , and enhanced solar heating of the upper ocean Perovich et al., , 2008 Matsoukas et al., 2010] .
[3] During summer, Arctic sea ice cover is a complex, evolving mosaic of ice, ponds, and open ocean. This morphological variability affects the reflection, absorption, and transmission of solar radiation in the ice-ocean system. There are large differences in light reflection from bare melting ice (65%), ponds of melt water (40%), and areas of open ocean (10%) [Pegau and Paulson, 2001; Perovich et al., 2002] . The recent significant shifts from perennial to seasonal ice and the general ice thinning in the Chukchi and Beaufort Seas are reducing reflection of solar radiation by the ice cover (and thereby enhancing transmission of solar radiation into or through the ice). In turn, these changes are affecting the heat and mass balance of sea ice, as well as biological production and biogeochemical processes within and beneath the ice. For example, more light transmitted through the thinner and more ponded ice means more heat in the upper ocean available for melting on the underside of the ice or storage in the ocean. In addition, greater light transmittance may enhance primary productivity [e.g., Gradinger, 2009; Mundy et al., 2009] , reduce the nutritional quality of sea ice algae [Leu et al., 2010] , and/or increase the potential for UV photo-oxidation of dissolved organic matter and subsequent outgassing of CO 2 [e.g., Minor et al., 2007; Spencer et al., 2009] .
[4] Previous work established that the variegated surface conditions of sea ice results in spatially variable albedo [Hanesiak et al., 2001; Perovich et al., 2002; Grenfell and Perovich, 2004] and light transmittance at the bottom of the ice [Grenfell and Maykut, 1977; Perovich, 1990; Light et al., 2008] . However, the influence of a heterogeneous sea ice surface on the light field in the upper ocean under the ice was previously unknown. Here, in this study, we examine the light field under a summer first-year sea ice cover consisting of a mixture of bare and ponded sea ice surfaces. We present observations of the downwelling spectral light field at the base of the ice and in the upper ∼50 m of the ocean water column. The complexity of the transmitted light is shown by a simple geometric model that is used to demonstrate the impact of ice surface conditions on the transmitted light field in the upper ocean.
Observations
[5] Field observations were made during the 2010 NASA ICESCAPE (Impacts of Climate change on the Ecosystems and Chemistry of the Arctic Pacific Environment) cruise in the Chukchi and Beaufort Seas during June and July 2010 on the US Coast Guard Cutter Healy. The goal of this interdisciplinary program was to determine the impact of climate change on the biogeochemistry and ecology of the Chukchi and Beaufort Seas, which entailed characterizing the physical, biological, chemical, and optical properties of the ice and upper ocean during the time of year when solar radiation incident at the surface is at or near its peak. The characterization included measurements of ice thickness, melt pond depth, and the spectral reflection and transmission of light in the ice and in the upper ocean beneath the ice.
[6] The measurements reported in this study were made on 10 July 2010 on a first-year ice floe in the Chukchi Sea (71.93°N, 156.28°W) that was a mix of bare ice and mature melt ponds (Figure 1 ). The two X locations in Figure 1 denote the bare, unponded ice and melt pond locations where vertical profiles of light transmittance were measured from the surface ice cover to a depth of ∼50 m in the water column. The bare ice was 1.27 m thick and the ponded ice was 0.83 m thick (with 0.15 m of ponded melt water on its surface).
[7] Spectral light transmittances were measured through the ice using an Analytical Spectral Devices dual detector spectroradiometer. The instrument has a wavelength range from 380 to 890 nm. One detector was used to monitor the incident solar irradiance, while the other measured transmitted irradiance. The transmitted sensor was placed under the ice using an articulated extension arm . Transmittances through the ponded ice were roughly an order of magnitude larger than the bare ice ( Figure 2 ). The peak transmittance was 0.46 at 425 nm for ponded ice and 0.034 at 520 nm for bare ice. In both bare and ponded ice cases, transmittances decreased sharply beyond 700 nm owing to increased absorption by the ice. By comparison, these firstyear ice transmittances are much larger than what would be expected for multiyear ice [e.g., Grenfell and Maykut, 1977; Light et al., 2008] .
[8] Measurements of light transmittances beneath the ice through the water column below were collected at the same locations as the observations described above. A modified Compact-Optical Profiling System (C-OPS, Biospherical Instruments Inc.) cosine collector radiometer was lowered to a depth of ∼50 m through an auger-drilled ∼25 cm hole in the ice. At the bare ice surface site, the hole was re-filled with ice tailings to mimic the previously undisturbed bare ice surface. At the ponded ice surface site, the C-OPS was offset from the hole such that the cosine collector on the instrument looked directly up at the underside of the ice. Although minimal light contamination through the auger hole at the ponded ice surface site may be possible, the models presented by Light et al. [2008] show that any light through a 25 cm hole in the ice becomes negligible ∼1 m below the bottom of the ice. The C-OPS collected downwelling irradiance with 19 channels (320, 340, 380, 395, 412, 443, 465, 490, 510, 532, 555, 560, 625, 665, 670, 683, 710, 780nm , and photosynthetically active radiation (PAR, 400-700nm)). An above-water surface reference simultaneously measured incident global irradiance with the same 19 channels. This surface reference was mounted at the top of a tripod (∼2.5 m above the ice surface) that stood on the ice within ∼1.5 m of where the C-OPS measurements were collected. The profiling C-OPS and surface reference instruments were utilized in concert to calculate the fractional light transmittance through the ice, accounting for any variability in solar conditions while the under-ice profiles were collected.
[9] Resulting profiles of light transmittances in the water column under the melt ponded and bare ice surfaces are plotted in Figure 3 . Transmittances through the ponded ice surface (Figure 3a ) start at the values measured at the underside of the ice and monotonically decrease with depth. The steepness of the drop-off is a function of wavelength and is primarily due to the spectral differences in the absorption coefficient of seawater. The decrease in transmittance with depth at each wavelength is well-fit by an exponential relationship (correlation coefficients greater than 0.99). The general shape of the observed depth dependence of transmittance is consistent with expected profiles for a water column with uniform optical properties.
[10] In contrast, the spectral transmittance profiles under the bare ice surface (Figure 3b) show the effects of a heterogeneous ice surface and the influence of relatively large light transmittance through adjacent melt ponded surfaces. Most spectral profiles show an initial increase with depth, peak transmittance at a ∼5-10 m depth, followed by an exponential decrease with depth. For example, the transmitted downwelling irradiance at a wavelength of 465 nm increases by nearly a factor of three from the ice bottom to a depth of 10 m. However, at wavelengths longer than 625 nm (where absorption in the water is greater), there is no subsurface maximum in the water column below the ice and light transmittance decreases with depth over the entire profile. This is the pattern of light transmission with depth that would have been expected for all wavelengths. While the patterns in transmitted irradiance profiles described above are readily apparent, there are also more subtle characteristics of the profiles. For example, slight shifts in transmitted irradiance at depths of ∼40 m under both ponded and bare ice (particularly evident in the inset semi-log plots) (Figure 3 ) are associated with peaks in chlorophyll-a concentrations at this depth observed through profiling fluorometer measurements.
[11] Our measurements of peak transmittances at depths ∼5-10 m below the bottom of the ice at this site (observed at most wavelengths) was unexpected and difficult to explain in terms of the properties of the water column. For the case Figure 1 . Photograph of the first-year sea ice surface observed in the Chukchi Sea (71.93°N, 156.28°W) on 10 July 2010, highlighting the interspersion of bare and ponded ice surfaces. The two X locations denote the specific sites of the bare ice (black X) and melt pond (white X) field measurements.
of a uniform ice cover and an optically homogeneous water column, light transmission at a particular wavelength would be expected to follow a simple exponential decay. If optical properties in the water column varied with depth, the transmitted light field could exhibit changing rates of decline, but not an increase in magnitude as was observed here. We believe this observed peak in transmitted light is due to horizontal propagation of radiation transmitted by adjacent melt ponded ice surfaces. As Figure 1 shows, the surface is a mosaic of bare ice, melt ponds, and areas of open water. As such, moving downward in the water column from the ice-water interface, an upward looking sensor will see an evolving mix of bare ice, ponded ice, and open water. The depth dependence of light transmittance will be a combination of the changing view and extinction of light in the water column. In the following section, we apply a simple geometric optical model to explore the influence of ice surface conditions on the transmitted light field in the water column under a bare ice surface in the vicinity of melt ponded ice surfaces.
A Simple Geometric Model
[12] With some simplifying assumptions, it is possible to formulate an expression for transmitted irradiance as a function of depth under a spatially heterogeneous ice cover. Here, we formulate a simple geometric model of light transmittance below an area of bare ice in the vicinity of melt ponded surfaces. Assumptions about the ice morphology are that the ice is of uniform thickness, the ponds are of uniform depth, the pond areal fraction is P, there is axial symmetry in the distribution of ponds and bare ice, and the observation site is centered at a site of bare ice with horizontal radius R. In terms of optical properties, we assume that the transmitted light field under the ice is independent with respect to the azimuth angle and the irradiance extinction in the water column is exponential with a coefficient of k. Directly at the bottom of the ice, the transmitted radiance through the bare ice is defined as I, whereas the radiance through the ponded ice is defined as N · I.
[13] The general expression for the irradiance (F) is given as:
where is the zenith angle and ' is the azimuth angle. Equation (1) can be separated into contributions from both bare ice and ponded sea ice surfaces. By applying the assumptions stated above, the total combined irradiance as a function of depth (z) under the bare ice is:
where i = arctangent (R/z). The irradiance at depth depends on (i) pond fraction and the bare ice area in vicinity of the measurement sites; (ii) the amount of light transmitted through the ice and melt ponds; and (iii) the extinction coefficient of seawater beneath the ice. The auxiliary material presents the full derivation of equation (2).
1
[14] We evaluated equation (2) for four wavelengths (380, 490, 555, and 670 nm), each exhibiting various degrees of influence by adjacent melt ponded ice surfaces (Figure 3b) . Light transmittance at 490 nm exhibited the greatest subsurface transmittance peak (∼10 m below the bottom of the ice), whereas transmittance at 670 nm contrastingly decreased monotonically with an expected transmittance peak highest in the water column (at the ice-water interface directly below the ice). Observations are used to define the input parameters for equation (2). Analysis of Figure 1 showed a pond fraction (P) of 0.5 and a central bare ice radius (R) of 5 m. Values for N at each wavelength were determined from the transmittances in Figure 2 , whereas values for I at each wavelength were determined from transmittances directly below the ice as shown in Figure 3b . Extinction coefficients in the water column (k) were estimated by applying an exponential fit to the 15-25 m portion of the transmittance curves in Figure 3a . This central portion was selected to avoid the ice morphology effects of the upper portion of the water column and the small light levels of the lower portion. The exponential fit was excellent (with correlation coefficients greater than 0.999), with absorption coefficients of 0.228 m , and 555 nm, the modeled transmittance profiles agree closely with observations, producing distinct peaks at the appropriate depths (∼5-10 m), and then decaying with greater depths. While the modeled peak transmittances are slightly shallower than that observed, the general form of the transmittance profiles are similar. In contrast to the 380, 490, and 555 nm profiles, a transmittance peak at a depth below the ice-water interface is not found for 670 nm in either observed or modeled transmittances owing to a large amount of absorption in the water column at this wavelength. These comparisons support the hypothesis that transmitted irradiance profiles in the water column under the ice are governed by a combination of both surface ice conditions and overall extinction in the water column beneath the ice. We believe that the slight differences between observed and modeled profiles may result from a surface distribution of ponded and bare ice that is more complex than is able to be modeled here. A more detailed two-dimensional radiative transfer treatment could address this issue.
Implications and Conclusions
[16] During the 2010 ICESCAPE cruise, light transmission measurements were made at 10 different ice floes distributed throughout the Chukchi Sea. Transmission peaks at depth were observed at two of these floes, but more certainly would have been observed had selected bare ice sites been located in closer proximity to melt ponded ice surfaces. The field observations and equation (2) provide insight into the factors governing these unexpectedly complex light transmittance profiles. More specifically, a transmittance peak at depth occurs (i) under bare ice, but not ponds; (ii) when there is much higher transmittance through ponded ice than bare ice; (iii) when the pond fraction is large (>0.4) and the bare ice is distributed in small (<10 m) patches; and (iv) at wavelengths where absorption in ice and water are small. Increasing the pond fraction and pond transmittance enhance the magnitude of the transmittance peak at depth beneath bare ice surfaces. Increasing the size of the ice area (R) decreases the magnitude of the peak and shifts it even deeper in the water column. Larger water extinction coefficients reduce the magnitude, and if large enough, eliminate the transmittance peak at depth altogether. Even though a sub-surface transmittance peak may not be apparent, the variegated surface of bare ice, ponds, and leads may still significantly affect the transmitted light field beneath the ice.
[17] The transmission peak at depth below the ice-water interface investigated here occurs owing to scattering in the ice and to a lesser extent in ocean waters as well. This results in the horizontal propagation of light and leads to unexpectedly high light transmittance under bare ice surfaces in the vicinity of melt ponds. If the propagation were strictly vertical, shafts of enhanced light intensity would reach directly beneath the melt ponds and would be detectable beneath these ponds only. A two-dimensional radiative transfer model is needed to represent the full spatial distribution of propagated light under non-idealized surface conditions.
[18] The observations and model presented in this study demonstrate that the solar irradiance field in the upper ocean under a melting first-year sea ice cover varies both vertically and horizontally. Our results indicate that the greatest variation in light transmission occurs just below the bottom of the ice (e.g., where bare ice and ponded ice may differ by a factor up to ∼13.2 at 490 nm for the specific site investigated here). However, the pond:bare ice transmission ratio decreases asymptotically with depth, with a ratio of ∼1.8 at 490 nm at the transmission peak ∼10 m below the ice bottom. At a ∼20 m depth below the ice bottom, transmission becomes nearly independent of variable surface ice conditions and exhibits a pond:bare ice transmission ratio of ∼1.05 at 490 nm. Owing to the relative motion of the ice, the transmitted irradiance in the upper ocean is constantly changing as bare ice and melt ponds pass over ocean waters. This has important implications not only for solar heating of ocean waters beneath the ice, but also for the potential light available for primary production and biogeochemical processes below the ice. For example, for phytoplankton adapted to a particular range of light levels, the depth of the transmission peak offers a location with relatively large light levels resulting from the proximity of melt ponds. These unexpected complexities in the transmitted light fields below melt season sea ice are critical to consider when modeling the potential physical, biological, and biogeochemical impacts of melt ponded ice surfaces on the underice ocean water column.
